The cyclin-dependent kinase Cdk5 has attracted a great deal of attention both because of its roles in cell migration and axon patterning, and the extensive data implicating it in adult-onset neurodegeneration in mammals. Both the kinase activity and the biological effects of Cdk5 are absolutely dependent on association with an activating subunit, called p35. We show here that Drosophila lacking the Cdk5 activator, D-p35, display a wide range of defects in embryonic axon patterning. We further show that, while viable and fertile, p35 mutant adults display progressive, age-dependent loss of motor function and have a significantly shortened lifespan.
Introduction
Cdk5 is a member of the family of cyclin-dependent kinases, closely related to the kinases that coordinate cell cycle progression (Hellmich et al., 1992; Tsai et al., 1993) . Unlike the cell-cycle kinases, however, activity of Cdk5 is largely restricted to postmitotic neurons (Hellmich et al., 1992; Tsai et al., 1993) . During development, Cdk5 is essential for proper migration of CNS neurons in the mammalian cortex (Chae et al., 1997; Kwon and Tsai, 1998; Ohshima et al., 2001) , and cell culture experiments implicate Cdk5 in controlling axon growth in vitro (Nikolic et al., 1996) . This latter role is supported by close analysis of axon patterning in the brains of mice with reduced Cdk5 activity (Kwon et al., 1999) , but the interpretation of such studies is clouded by the severe anatomical disruptions caused by defective neuronal migration in the mutants. The potential importance of Cdk5 for the development, maintenance and function of neural wiring is further indicated by the diverse group of binding partners, regulators and phosphorylation targets that have been identified for Cdk5. These include cell adhesion molecules [Cadherin (Kwon et al., 2000) ], neurotransmitter receptors [NMDA receptor and associated factors (Li et al., 2001; Morabito et al., 2004) ], signaling proteins [FAK (Xie et al., 2003) , Abl tyrosine kinase and its cofactor, Cables (Zukerberg et al., 2000) , Rac GTPase (Nikolic et al., 1998) ], proteins involved in cytoskeletal structure and dynamics [tau (Baumann et al., 1993; Paudel et al., 1993) , neurofilament (Lew et al., 1992) , dynein associated proteins (Niethammer et al., 2000; Sasaki et al., 2000) ], and many others. The presence of Cdk5 at this nexus of signaling systems, together with its phenotypic effects, makes it a very attractive candidate for playing a central integrative role in the development of neural wiring and synaptic function (Connell-Crowley et al., 2000; Xie et al., 2006) .
Cdk5 has also come to prominence through a second, independent route. Aberrant post-translational modification of proteins, including phosphorylation of cytoskeletal proteins such as the microtubule-associated protein tau, is thought to play a central role in the development of human neurodegenerative diseases including Alzheimer's disease and Spinal Muscular Atrophy (Bancher et al., 1989; Hong et al., 1998; Iqbal et al., 2005; Paudel et al., 1993) . Biochemical purification studies initially identified Cdk5 as one of the major kinases phosphorylating tau and neurofilament in mammalian neurons (Baumann et al., 1993; Lew et al., 1992; Paudel et al., 1993) . Further studies showed that either increased or decreased activity of Cdk5 can lead to ultrastructural and biochemical changes associated with neurodegeneration: hyperactivation and mislocalized activation of Cdk5 leads to the hyperphosphorylated tau that is typical of several common forms of neurodegeneration (Patrick et al., 1999) , and indeed can cause histological features of neurodegeneration in mouse models (Noble et al., 2003) , while Cdk5-deficient mice display tangles of neurofilament and chromatolytic phenotypes typical of the degenerating nerve cells observed in spinal muscular atrophy (Ohshima et al., 1996) .
Like other cyclin-dependent kinases, Cdk5 is regulated in two ways (Morgan, 1995) . Its activity is absolutely dependent on binding to an activating subunit that plays the role of the cyclins in the cell cycle Cdks. In mammals, the Cdk5 activator function is provided by two closely related proteins, p35 and p39 (Lew et al., 1994; Tang et al., 1995; Tsai et al., 1994) . While these protein have only limited sequence identity with cyclins, the crystal structure of a Cdk5/p35 complex reveals that p35 adopts a cyclin-like fold and stimulates Cdk5 kinase activity in a way that is similar, but not identical, to that employed by the canonical cyclins (Tarricone et al., 2001) . Expression of mammalian p35 and p39 is largely neuron-specific, and it is the neuronal distribution of these regulatory subunits that accounts for the localization of Cdk5 activity to postmitotic neurons, despite the widespread expression of the Cdk catalytic subunit (Lew et al., 1995; Tang et al., 1995; Tsai et al., 1994) . Cdk5 kinase activity can also be regulated by phosphorylation, particularly at amino terminal residues (Zukerberg et al., 2000) , though the significance of this phosphorylation for Cdk5 function in vivo has not been established.
In order to understand the role of Cdk5 in the development of neural wiring, we previously set out to investigate the Drosophila orthologs of Cdk5 and p35 (Connell-Crowley et al., 2000) . Drosophila has the advantage that there is very little cell migration in the developing embryonic CNS, removing a major confounding factor from the analysis of any axon patterning defects we observed. Studies in Drosophila are further aided by the small size, relative simplicity and stereotypic development of the fly nervous system. Moreover, only a single p35 family member has been identified in Drosophila, simplifying genetic analysis (ConnellCrowley et al., 2000) . Our prior studies demonstrated that altered activity of Cdk5 produced widespread, dose-dependent defects in axon patterning. Examination of the peripheral motonerves revealed that every nerve displayed guidance errors in a fraction of hemisegments. There was, however, no simple regularity to the observed defects. Rather, in different segments the same nerve could display quite different, and even opposite phenotypes: excessive growth or stalling; failure to branch at a choicepoint or aberrant branching where it ought not to occur. Remarkably, a similar spectrum of defects was observed whether Cdk5 activity was decreased, by expression of a dominant-negative derivative, or increased, by overexpression of p35. Together, these data suggested that loss of Cdk5 activity seemed to produce a generalized deficit in the accuracy of neural wiring rather than inactivating any one, specific signaling pathway or receptor function (ConnellCrowley et al., 2000) . Our ability to draw definitive conclusions from these observations, however, was impaired by the reliance of those experiments on overexpression of engineered proteins.
We have now extended our analysis of Cdk5 and p35 by generating and analyzing flies bearing null mutations in p35. We find that these mutants are viable and fertile, but display defects in axon growth and guidance that are consistent with those observed previously from expression of a dominant-negative derivative of Cdk5. Expression of the dominant negative Cdk5 in the p35 mutant background did not exacerbate the phenotype, suggesting that p35 is likely to be the major Cdk5 activator in Drosophila. Observation of adult flies mutant for p35 demonstrated an agedependent, progressive loss of motor coordination, culminating in periods of rigidity. Finally, lack of p35 was associated with a significantly reduced adult lifespan.
Results

Isolation of null alleles of D-p35
We generated two kinds of null mutations of the D-p35 gene (Fig. 1a) . Mobilization of a nearby P[white+] P-element (called P[435]) allowed us to generate flies with the original insertion precisely excised, but bearing a copy of the PlacW transposon between p35 and the next known transcription unit upstream of it. This insertion was identified by PCR and called P [100] . Imprecise excision of P[100] produced a series of mutations deleting the p35 promoter and different amounts of the protein coding sequence, but seemingly not affecting any other transcription unit (Fig. 1 ). For our phenotypic analysis, we have mainly used the deletion allele p35 20C , which deletes $90% of the p35 coding region, including all sequences required for binding to and activating CDK5 (Poon et al., 1997; Tarricone et al., 2001) . We also used meiotic recombination to generate a chromosome bearing both P[100] and P [435] . Introduction of P-transposase into this stock and screening for w À offspring yielded a chromosome in which both P-elements and the sequences between were deleted precisely. This stock, Df (p35) C2 is therefore null for p35 and also mutant for three adjacent genes. Analysis by in situ hybridization with a p35 probe verified the absence of detectable p35 transcript in embryos homozygous for either p35 20C ( Fig. 1b and c) or for Df(p35)
C2
(not shown). In addition to these two mutations, experiments below also make use of two large, cytologically visible chromosomal deficiencies that uncover the p35 locus (Df(2L) J77 ; Df(2L) J1 ) (Clegg et al., 1993; Connell-Crowley et al., 2000) . These deficiencies were obtained from public stock centers and are derived from a genetic background unrelated to that of the P-element-induced mutations.
Flies lacking the p35 locus were both viable and fertile. This included homozygous p35 20C flies and flies bearing the heteroallelic combinations p35
J77 and p35 20C /Df(2L) J1 . Percent viability relative to control genotypes was $90% (average of several comparisons). We did not observe any obvious external morphological defects in mutant adults.
Widespread axon patterning defects in p35 mutant embryos
We observed a wide range of axon patterning defects in p35 null embryos. To allow comparison with previous data on Cdk5, we focused our analysis on peripheral motonerves that express the cell surface marker, Fasciclin 2 (Connell-Crowley et al., 2000) . We found defects in all nerves assayed, the ISN, SNa and TN. Guidance errors included nerves that grew too far, nerves that ''stalled'' prematurely, axons that turned when they should not or that failed to turn when they should. Examples of some typical axonal aberrations in p35 mutant embryos are shown in Fig. 2b -e. Guidance errors were observed in $50% of embryos examined (30-67% in different samples), but at modest expressivity, i.e., only a few defects were observed per embryo, with $20% of hemisegments showing at least one aberration in either ISN, SNa or TN. Defects were distributed rather evenly among these three nerves, though with ISN perhaps displaying somewhat less sensitivity to the mutation than the other two nerves (Fig. 2f) . All phenotypes we describe were seen with different imprecise excision alleles, and in different heteroallelic combinations of p35 mutations over the unrelated Df(2L) J77 , demonstrating that the defects are due specifically to the lack of p35 function. Defects were not observed above background levels in embryos homozygous for the P[100] insertion that was the starting line for generation of p35 imprecise excision alleles. This modestly expressive phenotype represents the true null phenotype since the p35 20C flies were maintained as a homozygous mutant stock, and embryos were therefore null for p35 both zygotically and maternally.
Guidance errors of a p35 mutant were non-additive with the effects of dominant-negative Cdk5
The spectrum and expressivity of axon guidance defects in the p35 mutant were very similar to the pattern of defects observed upon pan-neuronal expression of a . Anterior is to the left and dorsal to the top in all embryos in this and all other figures. Apparent difference in staining intensity between (b) (wild-type) and (d) (rescued mutant) reflect sample-to-sample variation in histochemical staining; in parallel experiments we did not observe reproducible differences in p35 expression level between the wild-type locus and the genomic transgene.
dominant-negative Cdk5 (Connell-Crowley et al., 2000) . As with Cdk5, every nerve assayed was affected at low expressivity, and all manner of guidance errors were observed. We investigated the relationship between Cdk5 and p35 by expressing the dominant negative Cdk5 in the p35 mutant background. The phenotypes of the two treatments were non-additive; motonerve defects were observed in 46% of p35 embryos, 48% of embryos expressing 
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. N = 180 hemisegments for each allele.
dominant-negative Cdk5 and 48% of p35 mutant embryos expressing dominant-negative Cdk5. Formally, this demonstrates that Cdk5 and p35 are in a common pathway; molecularly it suggests that the effect of the Cdk5 dominant negative is completely dependent on p35. Stated otherwise, these data fail to provide evidence for the presence of another Cdk5 activator protein in Drosophila.
Reduced lifespan of p35 null flies
We noticed that homozygous mutant p35 stocks were difficult to maintain, with the number of live adult flies declining precipitously as a given culture aged. This led us to wonder whether the mutation affected the lifespan of the flies. We aliquoted equal numbers of newly eclosed wild-type or mutant adults into fresh vials of food, and upon allowing them to age under optimal conditions we found that the lifespan of p35 À flies was reduced by about one third relative to controls. In a typical experiment (Fig. 3a) , 50% of wild-type flies (Ore R w À ) or flies bearing the P[100] P-element were still alive after 33 and 40 days respectively, with the longest-lived flies dying at 64 and 57 days. In contrast, in this experiment, the median (50%) day of death for p35 20C or p35 20C /Df(2L) J77 was 20 and 22 days, respectively, with the last flies dying at 40 days. This decrease in lifespan by $1/3 was highly reproducible. Fig. 3b presents averaged survivorship curves derived from 13 independent experiments employing wild-type (w À ) or homozygous mutant (p35 20c ) flies, and from 10 independent experiments employing a heteroallelic combination of p35 alleles (p35 20c /Df(2L) J77 ) or homozygous mutant bearing a rescuing transposon that carries the wild-type genomic locus (p35 20c ; Tn[p35 + ]), with error bars indicating the standard error in median survival (days to 50% survival). To simplify viewing of the summary statistics, data from these same experiments is displayed in Panel C in histogram format, showing the mean time to 50% decrease in surviving population size as a bar, with standard deviations and standard errors indicated, for wild-type and various mutant genotypes, as well as for homozygous mutant in the background of the rescuing genomic transposon (Tn[p35 + ]). Various combinations of p35 alleles all display the shortened median lifespan phenotype (25 ± 1 vs 24 ± 2 days; mean ± SEM), and it is fully rescued by a transgene bearing the p35 genomic locus (median lifespan = 36 ± 2 days). A reduction in lifespan equivalent to that seen in the p35 mutant was also produced by expression of dominant negative Cdk5 in postmitotic neurons under control of the elav-GAL4 driver (29% decrease in median lifespan, P = 0.05; paired, two-tailed T-test, N = 5 independent experiments). These data demonstrate that p35/Cdk5 function is required in post-mitotic neurons for normal lifespan.
Adult-onset, progressive loss of motor coordination in p35 mutants
We also noticed various phenotypes suggestive of deficits in adult motor function in p35 mutant flies. Most striking were a tendency for flies to drag their legs, to fall onto their backs and be unable to right themselves, and a tendency for individuals to stand rigidly in place without moving for many seconds at a time, particularly in vials of older flies. We quantified motor function by a wall climbing assay, gently tapping the flies to the bottom of a vial and determining the fraction that climbed 5 cm up the side of the vial within 10 s (Fig. 4) . We found that, at eclosion, p35 mutant flies performed the wall-climbing task nearly as well as wild-type flies, with 80À90% successful, vs 90-95% for wild-type. The performance of the mutants declined rapidly with age, however, with 50% of mutant flies unable to perform the task by 14-21 days of life. For comparison, while motor function of wild-type flies also diminishes with age, the drop to 50% performance is typically not reached by wild-type until $42 days of life. Note that the decline in motor function is substantially faster than the decline in survival, suggesting that reduced motor function is a relatively early event in the progression to death. As in the lifespan experiments, the starting P[100] insert line and lines homozygous for the p35 mutation in the background of a p35 + genomic transgene (Tn[p35 + ]) performed indistinguishably from wild-type, and flies bearing the heteroallelic combination p35 20C /Df(2L)
J77
behaved the same as p35 20C homozygous flies.
Discussion
The molecular activities, cellular pattern of expression and subcellular localization of the cyclin-dependent kinase, Cdk5, make it an excellent candidate for a molecule that controls axon patterning and synaptic function by coordinating the many signals required for the faithful establishment and maintenance of neural wiring (Connell-Crowley et al., 2000; Xie et al., 2006) . Our previous studies employing overexpression of dominant transgenic constructs suggested that reduction of Cdk5 activity leads to errors in axon guidance in vivo (Connell-Crowley et al., 2000) . The p35 null phenotype we report here supports those findings, confirming the necessary role of Cdk5 and p35 in embryonic axon guidance. Moreover, we find that absence of p35 causes age-dependent deficits in motor function, as demonstrated by progressive degradation of motor function, culminating in periods of rigidity, and associated with premature death.
The axon patterning defects we observe in the p35 null mutant mimic closely, both in kind and in severity, the defects produced by neuronal expression of a kinase-inactive Cdk5. This suggests that the dominant negative Cdk5 was both faithful and effective in revealing the function of Cdk5/p35. Moreover, while it is clear from the Drosophila genome sequence and from our molecular studies that there is only a single p35 family member in Drosophila, the observation that expression of the dominant-negative Cdk5 in the p35 null background does not yield a stronger phenotype than either the mutant or the transgene alone suggests that there is not likely to be another major Cdk5 activator protein of some other molecular nature in growing Drosophila axons.
Careful observation of the p35 null stock suggested the presence of behavioral deficits and reduced adult vigor. Quantitative behavioral assays supported this impression, revealing that while motor function in the mutants was nearly wild-type at eclosion, it declined swiftly with advancing adult age, to be followed by periods of unmoving rigidity and then by premature death. The cellular basis of these phenotypes remains unclear. The neuron-specific pattern of p35 expression, however, and the ability to mimic the lifespan phenotype of p35 null mutants by specific expression of dominant negative Cdk5 in postmitotic neurons demonstrate that it is the function of p35 in mature, postmitotic neurons that is essential for normal lifespan. Experiments are currently in progress to test whether the lifespan and behavioral phenotypes of p35 are a delayed, secondary consequence of developmental miswiring, or whether they reflect a required adult function of this protein.
It is noteworthy that one of the obvious behavioral defects in p35 mutant adults is a tendency of the adult flies to lie on their backs, unable to right themselves. This phenomenon has been observed previously in the Mediteranean fruit fly, Ceratitis capitata, and has been termed the ''supine'' phenotype (Papadopoulos et al., 2002) . In that system, as well, the behavior was associated with reduced lifespan and it was further shown that assumption of the supine phenotype by a particular individual was an early marker of approaching death.
The pattern of behavioral phenotypes we observe in p35 null adults bear intriguing parallels with observable features of mammalian neurodegenerative diseases, some of which have been linked to altered activity of mammalian Cdk5 (Monaco, 2004) . Does neurodegeneration play a role in the progressive phenotype of p35 null mutants? Can the wildtype functions and mutant phenotypes of p35 and Cdk5 in Drosophila shed any light on mammalian neurodegenerative diseases? If detailed histological and ultrastructural analysis of p35 mutants reveals anatomical degeneration with morphological similarity to mammalian neurodegeneration, it holds the promise of applying the uniquely precise tools of Drosophila genetics to investigate fundamental cellular and J77 is a cytologically visible deficiency that uncovers p35, p35
] is a null mutant bearing the wild-type genomic locus as a transgene, and the p35 excision allele used for this experiment was p35
20C and is in a w À genetic background. Dotted lines represent approximate interpolations of the data for the two p35 + genotypes (orange), and for the two p35 À genotypes (blue). /Df(2L) J77 survivorship was tallied every 5 days instead of every other day. Percent survival on a given day after eclosion was derived by averaging the fraction surviving on that day across all experiments for a given genotype. Horizontal black bars represent the standard error of the mean (SEM) for the time to 50% survival. For clarity, these bars are shown displaced slightly from the 50% level. Each experiment started with P100 flies of each genotype, except p35, experiment #5 (n = 58) and experiment #7 (n = 92). , but in all pairwise comparisons, lifespan of genotypes lacking p35 was significantly different from that of p35 + genotypes (p < .05, ANOVA). Note that the ''mean lifespan'' reported in this panel is calculated as the mean of the medians of the separate experiments, whereas the mean survival curves in (b) are derived from compilation of all the datasets. Absolute time to ''50% survival'' is slightly different from these two calculations, but both support a conclusion of significant lifespan reduction in the mutant. b molecular mysteries of neurodegeneration, including the earliest events in neuropathology, cell autonomy, and the molecular genetic basis of the disease process.
Experimental procedures
4.1. Genetic methods P-element insertions (P[435] and P [2358] ) and chromosomal deficiencies (Df(2L)J1, Df(2L)J27, Df(2L)J77 and Df(2L)J106) near the p35 locus were obtained from the Bloomington and Umea Drosophila Stock Centers. UAS-transgenes for p35 and Cdk5 have been described previously (Connell-Crowley et al., 2000) . Procedure for generation of small p35 À transposon excisions is described in the text. A p35 + genomic transgene was constructed by isolating a 5.5 kb SalIXbaI restriction fragment spanning the p35 locus from a genomic phage clone (isolated by plaque hybridization from a k-DASH library), and subcloning it into the transformation vector pW8. The genomic transgene was introduced into Ore R w 1118 flies by P-element mediated transformation. This transgene is referred to in the text as Tn[p35 + ].
Lifespan and behavior assays
To quantify lifespan, 20 newly eclosed flies were aliquoted into each of five separate vials. Flies were maintained at 25°C, and transferred to fresh vials every two days, counting the number of dead flies at each transfer, until all flies were gone. Males and females were not separated.
To quantify wall-climbing behavior, 20 newly eclosed flies (males + females) were aliquoted into each of six vials. At day 3 after eclosion, day 7, and then every 7th day thereafter until the flies died, wall climbing was assayed. Flies were tapped gently to the bottom of the vial, and the number that climbed up to or beyond a line 5 cm from the top of the food after 10 s was counted. Assay was performed three times for each vial on its testing day. The total number of live flies per vial at the time of testing was recorded, and the fraction of flies successful at the test was calculated, averaging the trials for a given sample, and then the samples for a given genotype. Median and ultimate survival times from wall-climbing experiments were in agreement with those from the lifespan assay, suggesting that the behavioral testing protocol did not seriously damage the flies.
Antibody staining and analysis of axonal phenotypes
Antibody staining, in situ hybridization, and quantification of axonal phenotypes were performed as described previously (Connell-Crowley et al., 2000) .
